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This thesis deals with the complex mechatronic design of autonomic 
thermoelectric source of energy for aircraft application. The study of theoretical 
background and the state-of-the-art based on available sources are summarized at 
the beginning of this thesis. The numerical models of two commercially available 
MEMS thermoelectric modules are created and verified by datasheet values and 
experimental testing. According to the model-based design, the three prototypes 
are designed, manufactured and experimentally tested under real condition. 
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Předložená disertační práce řeší komplexní mechatronický návrh autonomního 
termoelektrického zdroje energie pro letecké aplikace. Na základě dostupných 
zdrojů a literatury práce popisuje současný stav problematiky. V práci jsou 
prezentovány simulační modely MEMS termoelektrických článků, které jsou 
ověřeny experimentálním testováním a hodnotami dostupnými od výrobce. Na 
základě metodiky model-besed design byly navrženy a vyrobeny tři 
demonstrátory. Jejich vlastnosti byly testovány v reálných podmínkách na letecké 
pohonné jednotce. 
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„There is a fact, or if you wish, a law governing all natural phenomena that are 
known to date.  There is no known exception to this law – it is exact so far as we 
know.  The law is called the conservation of energy. 
It states that there is a certain quantity, which we call “energy,” that does not 
change in the manifold changes that nature undergoes.  That is a most abstract 
idea, because it is a mathematical principle; it says there is a numerical quantity, 
which does not change when something happens.   
It is not a description of a mechanism, or anything concrete; it is a strange fact that 
when we calculate some number and when we finish watching nature go through 
her tricks and calculate the number again, it is the same. 
It is important to realize that in physics today, we have no knowledge of what energy 
“is.”  We do not have a picture that energy comes in little blobs of a definite 
amount.  It is not that way.  It is an abstract thing in that it does not tell us the 
mechanism or the reason for the various formulas.“ 







This work deals with methods of complex design process and verification of 
autonomic thermoelectric energy source for aircraft application with using the 
modern engineering tools and approaches.    
A future and development of today's society strongly depends on an ability to 
utilize clean and renewable energy sources. Energy harvesting (EH) is a new 
independent branch and current trend in this area, which uses energy freely 
available in the environment. One of the prospective ways of energy harvesting is 
based on thermoelectric generator (TEG). The TEG technology is based on the 
Seebeck effect, which describes direct conversion of temperature difference into 
the electromotive force (voltage). “When the junction between dissimilar conductors 
is heated, electrons are enabled to pass from the material in which the electrons 
have the lower energy into that in which their energy is higher, giving rise to an 
electromotive force.” [1] 
New thermoelectric materials and microelectromechanical systems (MEMS) 
technologies used in manufacturing process of the thermoelectric modules (TEM) 
significantly reduces their dimensions and provide sufficient level of the generated 
power. These are the prospective ways to design the autonomic energy source for 
wide range of applications. 
In considering high progress in development of an electronic devices, especially 
their miniaturization and reduction of energy consumption, the EH technologies 
becomes ideal solution for their energy supply. 
With respect to wide range of aircraft operational temperature conditions, the 
aircraft applications seem to be suitable for thermoelectric technology. The 
natural temperature gradients ensured due to high operating altitude, heat 
generated by passengers, temperature on board and nearby engine bay are 
potential sources of electric energy.  
The autonomic energy source based on MEMS TEG technology is a technical 
object, which needs to be designed with respect to its interdisciplinary character 
and can be classified as a mechatronic system. Mechatronics is defined as “The 
design philosophy that utilizes the synergistic integration of mechanical 
engineering with electronics and electrical systems with intelligent computer 
control in the design and manufacture of industrial products, processes and 
operations.” [2] In accordance with this philosophy, the method of design process 
is developed using the new engineering tools and approaches. The integration of 
model-based design (MBD) approach, simulation modelling and experimental 
testing leads to develop the enhance design process and more functional, 





The main aims in an aircraft development are increasing of safety and reducing 
an operating cost with respect to environmental protection. The utilization and 
integration of new sophisticated electronic systems plays an important role in this 
field. In many cases a sensing of significant parameters are required. For example 
monitoring of airframe construction, passenger’s activity, cargo space or special 
application in the field of military or rescue service technologies. 
In the most cases, these sensors need to be placed in hard to reach places, far away 
of common power lines. The principle of wireless sensor network based on 
autonomous sensor nodes technology covers requirements for sensing devices. 
This technology makes special requirements on research and development of new 
autonomous energy sources. 
2.1 Approaches 
The current trend and an independent branch in the field of autonomous energy 
sources is energy harvesting, which uses energy freely available in an 
environment. The one of prospective ways of EH is based on thermoelectric 
principles. The autonomous thermoelectric energy source is classified as 
mechatronic system. An interdisciplinary approach, modern engineering tools and 
experimental testing are used in complex mechatronic design. 
2.2 Research goals 
This thesis deals with complex mechatronic design and verification of autonomic 
thermoelectric source of energy for aircraft applications utilizing modern 
engineering approaches. 
The goals of the thesis: 
1. Mechatronic design 
2. Complex simulation model of the system 





3.1 Aircraft technology 
The aircraft technologies are unique in their safety requirements and long life 
service, usually lasting for decades. Therefore, the specific demands on 
maintenance are required. The safety and life time in an aviation are based on 
scheduled maintenance, which usually takes up to 18% of total operating costs [3]. 
Nowadays there is an effort to convert it into on-demand (condition-based) 
maintenance. This approach helps to plan maintenance in accordance with the 
actual aircraft structure conditions. [4] 
The current trend in the field of aviation safety and maintenance is the structure 
health monitoring (SHM) [5] and damage tolerance strategy for maintenance time 
assessment. The SHM network consisted of sensors located in the key areas of 
aircraft construction is shown in Fig. 1. The aim is to reduce the maintenance 
costs, increase the lifetime and safety. The utilization of new complex electronic 
devices for condition monitoring is essential. 
 




The SHM is based on sensors network for the monitoring of actual conditions 
concerning fatigue, damage or stress of structural parts [7], [8]. The sensors are 
usually integrated deep into the aircraft structure in hard to reach places and 
faraway of common power and communication lines. With respect to the sensors 
location, the power autonomy and wireless communication are required [9]. 
Moreover, the wires are undesirable because of their negative effect on an aircraft 
operation empty weight, which is the critical parameter in aviation. The estimate 
of wiring complexity is shown in the following figure Fig. 2. The wiring complexity 
of aircraft is in the hundreds of kilometres and depends on category. 
 
Fig. 2 Estimate of wiring complexity [9] 
The solution is in the utilization of wireless sensors network (WSN) consisting of 
autonomous sensor nodes (ASNs). ASN can be effectively used for monitoring of 
many other significant parameters like a passengers or crew activity, monitoring 
of cargo bay, seatbelts, etc. There is a high potential in the special applications for 
military and rescue purposes as well. The monitoring of offensive and defensive 
systems or fire-fighting and medical equipment can lead to effective operation on 
battlefield or in rescue actions. Another potential is in the utilization of ASN 




3.2 Autonomous sensor nodes 
According to the above mentioned aviation requirements, the special high complex 
electronic systems known as the autonomous sensors nodes are required for an 
effective monitoring in aircraft applications. The ASN are classified as: „ Electronic 
systems that have been designed to operate and/or communicate as long as possible 
in known/unknown environments providing, elaborating and storing information 
without being connected to a power grid. “ [10] The structure scheme of ASN 
system is shown in Fig. 3.  
 
Fig. 3 Structure scheme of the ASN 
ASN consists of the three main parts: 
 energy source – energy generation and energy storage devices 
 power management – conversion and optimization of obtained power 
 sensor and communication – supplied device 
The ASNs are designed as systems with very low power consumption [11]. Thanks 
to high progress in the field of low power electronics and energy harvesting 
technology, the ASNs becomes increasingly interesting. The key factors in the 
design of ASN are low power demands of modern electronic systems and 
increasing efficiency of the energy harvesting techniques. The power consumption 
of nowadays commercially available sensor is summarized in Tab. 1. The sensor is 
consisted of low-power microcontroller TI MSP430 and a 2.4 GHz RF transceiver 
TI Chipcon 2420 series. 
Tab. 1 Power consumption of ASN [12] 
Activity Current [mA] Power [mW] 
Sensor sampling 0.16 0.53 
Sensor switching 4.77 15.7 
Sensor on 0.75 2.5 
Transmission 14.95 49.3 
Standby mode 0.07 0.2 




3.3 Low power electronics 
Rapid progress in the development of electronic devices leads to their 
minimization and low power demands with simultaneous increase in their 
performances. This phenomenon was described in 1965 by Moore’s law: „Which is 
the observation that, over the history of computing hardware, the number of 
transistor on integrated circuits double approximately every 18 months.” [13] The 
progress in a microprocessor transistor count is shown as an example in Fig. 4. 
Nowadays the Moor’s law is broken for some kind of electronics components and 
the speed of their future development is hard to predict. 
 
Fig. 4 Microprocessor transistor count 1971 – 2011 [14] 
Nowadays, the technologies known as a low-power electronics (LPE), ultra-low-
power electronics (ULPE) [15], micro-electro-mechanical systems (MEMS) and 
nano-electro-mechanical systems (NEMS) are integrated in a wide range of 
applications. The common characteristic for these technologies is a very low level 




ULPE consumption can achieved by the following strategies [16]: 
 reducing operating frequency 
 reducing driven capacity 
 reducing supply voltage 
The supply voltage level is essential for operating power consumption. The 
switching power quadratic depends on supply voltage as is shown in following 
equation: 
𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 = 𝑓 ∙ 𝐶𝑒𝑓𝑓 ∙ 𝑉𝐷𝐷
2  (Eq. 1)     
where:  
- Pswitching   switching power [W] 
- f    operating frequency [Hz] 
- Ceff   total capacitance [F] 
- VDD   supply voltage [V] 
The level of supply voltage VDD can be reduced below the threshold voltage with 
significant decrease in power consumption. This approach is called subthreshold 
operation or ultra-low voltage design. [17] 
Another approach to reduce power consumption is to keep the circuitry in standby 
mode as long as possible, periodically wake up and turn on to active mode. As 
shown in following figure Fig. 5 the active mode duty cycle is only 0.1%-1%. [15]  
 
Fig. 5 Operation of duty-cycled ULPE system [15] 
The average power consumption of such ULPE system is given by: 




(Eq. 2)    
where: 
- Palways-on   average power consumed by always-on blocks [W] 
- Pstandby   power consumed by blocks in standby mode [W] 
- Eactive   energy spent in active mode [J] 
- Twkup   time in active mode [s] 
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Thanks to the ULP electronics, the EH technologies can be widely used in ASN 
applications. [18] 
3.4 Energy harvesting 
A future and development of today's society strongly depends on an ability to 
utilize clean and renewable energy sources. Energy harvesting is a new 
independent branch and current trend in the area of powering low power electronic 
devices. EH approaches uses energy freely available in an environment. [19]–[24] 
The several prospective approaches of EH, which are based on a different physical 
principles are summarized in the following Tab. 2.  
Tab. 2 EH principles 
Principle Source Principle 
Photovoltaic solar energy convert solar radiation into direct current electricity 
Electromagnetic ambient RF 
radiation 




converts mechanical strain into electric power 
Electrostatic charging capacitance of vibro dependent variable 
capacitors (varactors) Electrodynamic movement of magnet across a coil 
Magnetostrictive movement of certain magnetically responsive material 
under electric field Thermoelectric heat change t mperature gradient into electric power 
Metabolic metabolism 
processes 
capture energy produced by naturally occurring 
microbial metabolism  
The proper EH method should be chosen with respect to the specific application. 
The precise study of ambient conditions is essential for the design of EH power 





Regardless the low efficiency of EH methods, the level of generated power is 
sufficient for a wide range of high-tech applications, including ASN for structural 
health monitoring, embedded systems and implanted devices for medical 
applications,  monitoring of mechatronic systems, etc. The overview of generated 
power of EH techniques and consumption of electronic devices is shown in Fig. 6. 
 




3.5 Thermoelectric EH in aircraft application 
One of the prospective ways in energy harvesting is based on TEG. The 
thermoelectric generators are based on the Seebeck effect see Fig. 7. This effect is 
a physical phenomenon, which describes direct conversion of heat flow into the 
electric energy. “When the junction between dissimilar conductors is heated, 
electrons are enabled to pass from the material in which the electrons have the lower 
energy into that in which their energy is higher, giving rise to an electromotive 
force.” [1]  
 
 
Fig. 7 Seebeck effect [25] 
According to wide range of operational temperature conditions given by the 
operating flight envelope, the aircraft applications seem to be prospective for TEG 
[26]. The operating flight envelope of a small-unpressurised aircraft is shown in 
the following figure Fig. 8 as an example. The operating ambient temperature 
range is from -60 °C to 50 °C depending on the flight height level. 
 
Fig. 8 Flight envelope of a small-unpressurised aircraft 
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The natural temperature gradient ensured due to the high operating altitude, heat 
generated by passengers, temperature inside a hull and nearby engine bay are 
potential sources of electric energy.  
New thermoelectric materials and MEMS technologies used in manufacturing 
processes of thermoelectric modules significantly reduce their dimensions and 
produce sufficient level of generated energy [27]. The thermoelectric thin-film 
layer is shown in Fig. 9 as an example. 
 
Fig. 9 Thermoelectric Thin-film layer [28] 
Thanks to these approaches the TEG, have significant advantages for their use in 
aircraft applications: 
 very low weight 
 small size 
 no movable parts 
The lifetime and maintenance requirements of TEG autonomous energy source 
need to be determined. The experimental testing and simulation modelling are 






3.6 Power management and energy storage 
The power management is needful subpart of any EH autonomous power source. 
The level of power generated by harvester significantly depends on the actual 
conditions as a temperature (gradient) for TEG, illuminance (and temperature) for 
photovoltaic cell or frequency of mechanical vibrations for vibro-generators. The 
generated power needs to be suitably modified for the supplied device. [29]–[32] 
Power management is a hardware implementation of such a feature. 
Another reason for the utilization of power management in the EH, system is the 
effective utilization of generated power – the maximum power transfer in 
electronic devices is in general obtained by the impedance matching: 
𝑍𝑆 = 𝑍𝐿 (Eq. 3)    
 where:  
- Zs   source impedance [Ω], 
- ZL  load impedance [Ω]. 
3.6.1 Maximum power point tracking 
The integrated circuits for EH power management use quite frequently the 
maximum peak power tracking (MPPT) to ensure maximum power transfer 
according to the actual conditions of harvester. MPPT represents a sort of 
algorithms, which can be used to ensure the impedance (load) matching. Load 
matching is usually implemented using the switching mode power supplies 
(SMPS). The most frequently used topologies of these switching converters are:  
 boost converter – output voltage is always greater than input voltage  
 buck converter – output voltage is lower than input  
 buck-boost converter – output voltage can be either higher or lower  
 fly back converter – isolated buck-boost converter with transformer at 
                                 the input  
 (charge pump) – special inductor less case of SMPS, various 
        input/output voltage relations 
The power management implementing MPPT is a subject of interest for 
researchers all over the world, the principles of LPE and UPLE, briefly described 






There are the main strategies for MPPT suitable for thermoelectric energy 
harvesting: 
 Fractional open-circuit voltage method periodically measures the open-
circuit voltage of the harvester. This measurement is achieved using the 
circuit breaker, which disconnects the SMPS from the harvester. The 
operation voltage (MPP voltage) is subsequently set as a fraction of actual 
open-circuit value. 
𝑈𝑀𝑀𝑃 = 𝑘 ∙ 𝑈𝑂𝐶 (Eq. 4)    
where:  
- UMMP  input voltage ensures the MPP [V], 
- UOC  open-circuit voltage [V], 
- k=0,5 constant usually used in the thermoelectric EH 
      applications (current-voltage characteristic) [37]. 
     
 Perturb and observe in this method the voltage and current on input 
terminals of SMPS are measured. The duty cycle of SMPS is perturbed and 
the corresponding change in power is observed. If the change is positive, 
then the direction of perturbation (decrease/increase of D) is correct and the 
perturbation is kept in the same direction. If the change in power is 
negative, the direction of perturbation is reversed. [38] 
 
 Incremental conductance the controller measures incremental changes 
in PV array current and voltage to predict the effect of a voltage change. 
This method utilizes the incremental conductance (dI/dV) of the 
photovoltaic array to compute the sign of the change in power with respect 




3.6.2 Energy storage 
The energy storage elements are required for some kind of applications, for 
example in an emergency, where the sources for energy harvesters are out of 
function, during the maintenance time and take-off and landing operations. 
An aircraft industry give strict requirements for a long service life in a wide range 
of temperature operating conditions, which are very difficult to be satisfied by the 
battery technologies. Thanks to the new technologies and development of energy 
storage elements, the suitable solutions are available. Supercapacitors 
(ultracapacitors) [39] and thin-film batteries [40] are promising technologies see 
Fig. 10. 
         
Fig. 10 Ultracapacitor Maxwell PC10 and Thin-film battery Thinergy MEC201 
The comparison of energy storage elements is summarized in Tab. 3. For the 
aircraft applications, the operating temperature is significant parameter. 
Therefore, only the supercapacitors and thin-film batteries are prospective. The 
energy storage elements based on the NiMH, Li-Ion and Li-Pol technologies are 
not able to operate in low temperature conditions. 

















NiMH 1.2 80 0.01-10 Ah Max. 1000 5 – 45 
Li-Ion 3.7 200-500 0.1-10 Ah Max. 1200 -10 – 45 
Li-Pol 3.7 300-400 0.1-5 Ah Min. 1200 -10 – 45 
Supercapacitor 2.5/3.5 5-6 0.1-100 F 1 000 000 -40 – 85 






A several studies of thermoelectric energy harvesters for aircraft applications are 
available. The overview of existing solutions is summarized below. 
An “Aircraft-Specific Thermoelectric Generator Module” [42] presented by EADS 
Innovation Works uses phase-change material to create the energy reservoir for 
take-off and landing. As is shown in Fig. 11, the TEG is attached directly to the 
fuselage; the phase-change material is placed on the other side and creates the 
sufficient temperature gradient.   
 
Fig. 11 Schematic of the TEG with phase-change containment [42] 
The power management for this concept is presented in [43] and [12]. The low-
power-DC-DC converter with a pulse frequency modulation (PFM) controller is 
applied. The two supercapacitors are used as energy storage elements see Fig. 12.        
        
Fig. 12 Photo of the front and back side of power management circuit and input voltage/efficiency 




Above-mentioned design was tested under the real operational conditions of an 
aircraft DLR A320 see Fig. 13. [44]–[46] 
 
Fig. 13 Installation of energy harvesting device on an aircraft 
Results of the experimental testing under real flight conditions are summarized 
in the following figure Fig. 14. 
 
Fig. 14 Results of testing under the real aircraft conditions [44] 
The results of presented design are perspective. The thermoelectric harvester is 
capable to feed ASN in real flight conditions.  
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Another design following the previous concept is presented in [47]. The schematic 
and real design is shown in Fig. 15. The generated energy is used for charging the 
battery.  
   
Fig. 15 The schematic and real design [47] 
The measurement results of this generator are presented in Fig. 16. The 
temperature cycle is corresponding to a typical short-haul flight. 
 
Fig. 16 Temperature and voltage during the phase change [47] 
According to the presented results, this design confirms the ability of TEG for 






The high temperature environment solution is presented in [48]. The prospective 
location for TEG was determined on the pylon aft fairing and the temperature 
profile was measured Fig. 17. The pylon fairing is a critical construction part, 
which requires SHM. The location is nearby the aircraft power unit, which ensure 
sufficient temperature gradient. 
      
Fig. 17 Position of TEG and its temperature profile 
The design is using a phase change material as well. The design is shown in the 
following Fig. 18. 
 
Fig. 18 TEG with a heat pipes [47] 
This design reports the high power-to-weight ratio, which is critical for aircraft 
application. Therefore, the redesign with the aim on size and weight reduction was 
proposed.  
4.1 Summary 
The previous studies of thermoelectric generator in aircraft applications confirmed 
the perspective of this approach. The level of generated energy is sufficient for 
powering of ASN. The successful testing under the real flight conditions confirmed 





The modern engineering method for complex development process of autonomic 
thermoelectric energy source based on mechatronics principles and model-based 
design are applied.   
5.1 Mechatronics 
„The mechatronics is the complex interdisciplinary approach in the design of 
technical objects integrated the mechanical engineering, electrical engineering and 
computer science with using the synergic effect to enhance the functionality, 
reliability, manufacturability and competitiveness.“ [2] 
The autonomic thermoelectric energy source for aircraft application is high 
complex technical object classified as a mechatronic system. To reach the optimal 
design, the integration of knowledge of mechanical engineering, electrical 
engineering and thermoelectric is required. Interdisciplinary approach is shown 
in Fig. 19.   
 
 





According to the mechatronic approach the autonomic thermoelectric energy 
source is divided into three main subsystems – mechanical, electrical and 
thermoelectric, see Fig. 20. 
 
Fig. 20 Mechatronic subsystems applied on autonomic thermoelectric energy source 
The description of the mechatronic subsystems: 
 Mechanical subsystem – the purpose is to integrate the TEM to the 
suitable place and enhance the optimal temperature gradient in wide range 
of operational conditions. 
 
 Electrical subsystem – called power management, the aim is to transform 
the energy obtained by thermoelectric subpart to the voltage level required 
by powered device with respect to the maximum power transfer efficiency. 
 
 Thermoelectric subsystem – is represent by TEM and ensures the 





5.2 Model - based design 
The model – based design (MBD) [49] is the development process of complex 
mechatronic systems. MBD is utilizable in wide range of modern engineering 
design especially in airspace and automotive. Defines a principles and 
automatism, which leads to safe the time and costs in development process and 
increase the value of developed products. 
The MBD is based on the virtual model. Models of each subsystems are created 




Fig. 21 The development process of thermoelectric autonomous power source 
The current trend in MBD is an utilization of models based on the finite element 
method (FEM) which is a mathematical technique used for finding an appropriate 
solution for boundary value problems with differential equations. FEM is 
frequently integrated in commercially available software tools, which offers many 
features and integrated algorithm for the simulation modelling. However, the 
knowledge of the fundamental physical and mathematical phenomena is essential 
for the proper simulation model design and results interpretation.  
The identification of boundary conditions and evaluation of the results of 
simulation modelling is based on the experimental testing witch is essential in 





The development of autonomous energy source is described by the macrocycle 
known as a V–diagram and shown in the following figure Fig. 22. [50] 
 
Fig. 22 Development macrocycle the V - model 
The V-diagram is applied in the development process of simulation model, 
operational sample or prototype. Repetitive application of the V–diagram 
increases the performance of the developed products and leads to the optimal 
design, see Fig. 23. 
 




6 Fundamentals of thermoelectricity 
6.1 Introduction 
The thermoelectric theory is based on the Seebeck effect discovered in 1821 by 
German physicist T. J. Seebeck. „He showed that an electromotive force could be 
produced by heating the junction between two different electrical conductors.” [1] 
In 1834, the French watchmaker J. Peltier observed another thermoelectric effect. 
„He found that the passage of an electric current through a thermocouple produces 
a small heating or cooling effect depending on its direction.” [1] 
The Peltier and Seebeck effects are related as was founded and described by W. 
Thomson in 1855. He applied the thermodynamic theory to the problem and found 
out the third thermoelectric effect – Thomson effect, which describes heating or 
cooling of a current-carrying conductor with a temperature gradient.  
6.2 Seebeck effect 
The Seebeck effect is a phenomenon based on the diffusion of electrons through 
the interface between two different materials – conductors or semiconductors. This 
diffusion is caused by heating applied at a junction of two materials, which create 
a thermocouple together Fig. 24. Heating causes the net changes in the materials 
and allows electrons to move from a material where the energy is lower in a 
material where the energy of electrons is higher. However, the electrical current 
is exactly a flow of electrons this effect of passing electrons from one material to 
another makes an electromotive force (voltage). [1]  
The value of the generated voltage is given by: 
𝑈 = 𝛼𝐴𝐵 ∙ (𝑇𝐻 − 𝑇𝐶) (Eq. 5)    
where:  
-  αAB   differential Seebeck coefficient [V/K], 
-  U  voltage [V], 
-  TH   temperature of the hot side [K], 




Fig. 24 Thermocouple – Seebeck effect [25] 
The voltage generated by thermocouple is independent on bulk properties of the 
material but it is linearly dependent on the differential Seebeck coefficient αAB, 
which is a material property of both materials: 
𝛼𝐴𝐵 = 𝛼𝐴 − 𝛼𝐵 (Eq. 6)    
where:  
-  αAB  differential Seebeck coefficient [V/K], 
-  αA  Seebeck coefficient of the material A [V/K], 
-  αB  Seebeck coefficient of the material B [V/K]. 
6.3 Peltier effect 
The Peltier effect is the revers phenomenon to the Seebeck effect mentioned above. 
The source of external electromotive force applied across the junction between two 
different conductors or semiconductors causes the movement of electrons in the 
direction of current, see Fig. 25. Therefore, the junction is heated or cooled. The 
Peltier coefficient is equal to the ratio between the heat flow through the junction 




 (Eq. 7)    
where:  
-  πAB  Peltier coefficient [V], 
-  q  heat flow through the junction [W], 
- I electric current [A]. 
 
Fig. 25 Thermocouple – Peltier effect [25] 
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6.4 Thomson effect 
The Thomson effect is a reversible thermodynamic process, related to the rate of 
generation of heat flow, which results from the passage of current along a single 
conductor with a temperature gradient. 
𝑞 = 𝛽 ∙ 𝐼 ∙ 𝛥𝑇 (Eq. 8)    
where:  
 - q heat flow [W], 
-  β Thomson coefficient [V/K], 
-  I  passing current [V], 
- ΔT temperature gradient [K]. 
6.5 Thomson relations 
The relationships between the Seebeck, Peltier and Thomson effect were found 
according to the fact that they are the different manifestations of the same 
phenomenon.  







(Eq. 9)    
 where:  
-  βA Thomson coefficient of material A [V/K], 
-  βB Thomson coefficient of material B [V/K], 
-  αAB  differential Seebeck coefficient [V/K], 
- T temperature [K]. 
The relation between the Seebeck and Peltier coefficients: 
𝜋𝐴𝐵 = 𝛼𝐴𝐵 ∙ 𝑇 (Eq. 10)    
where:  
-  πAB  Peltier coefficient [V], 
-  αAB  differential Seebeck coefficient [V/K], 




6.6 Nernst and Ettinghausen effects   
The Nernst and Ettinghausen effects are related to the application of a magnetic 
field into the thermoelectric problem. The Nernst effect is an analogy to the Peltier 









(Eq. 11)    
where:  
 - |N|  Nernst effect [V*T/K], 
-  EY  electric field [V/m], 
-  BZ   magnetic field [A/m], 





/𝐼𝑋 ∙ 𝐵𝑍 
(Eq. 12)    
where:  
 - |P|  Ettinghausen effect [K/T*A], 
-  IX  longitudinal current density [A/m2], 
-  BZ   magnetic field [A/m], 
- dT/dx longitudinal temperature gradient [K/m].  
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6.7 Thermoelectric generation 
The thermoelectric generator is a heat engine based on thermodynamic principles. 
Consider the simplest generator consisting of one thermocouple made of 
semiconductor A (N-type) and B (P-type). For the ideal conversion without heat 
losses is an efficiency defined as a proportion of electric energy supplied to the load 





(Eq. 13)    
where:  
-  η  efficiency [-], 
-  Ee  electrical energy supplied to the load [J], 
-  QH  heat flow through the hot side [J]. 
In the case when the values of electrical conductivities, thermal 
conductivities and Seebeck coefficients are constant and the contact resistances at 
the hot and cold junction are negligible the efficiency can be expressed as: 
𝜂 =
𝐼2 ∙ 𝑅




   
(Eq. 14)    
where:  
-  η  efficiency [-], 
-  I  electric current [A], 
- R series resistance of A and B semiconductors in series [Ω], 
- αAB  differential Seebeck coefficient [V/K], 
- TH  temperature of the hot side [K], 
- TC  temperature of the cold side [K], 
- λ’  thermal conductivity of A and B semiconductors in parallel [W/m*K]. 
6.7.1 Carnot cycle 
The theoretical efficiency of thermoelectric conversion is limited by the means of 





(Eq. 15)    
where:  
-  ηCARNOT  theoretical efficiency (Carnot cycle) [-], 
- TH   temperature of the hot side [K], 




The Figure-of-merit is a parameter characterizing the material properties of 
thermoelectric materials and is essential in the design of the thermoelectric 
modules. When the dimensions of the legs A and B in the thermocouple are similar, 


















(Eq. 16)    
where: 
 - ZC Figure-of-merit of the thermocouple [-], 
- αAB  differential Seebeck coefficient [V/K], 
- λA  thermal conductivity of A material [W/m*K], 
- λB  thermal conductivity of B material [W/m*K], 
- σA electrical conductivity of A material [1/Ω*m], 
- σB electrical conductivity of B material [1/Ω*m]. 








(Eq. 17)    
where: 
- α  Seebeck coefficient [V/K], 
- λ  thermal conductivity [W/m*K], 
- σ electrical conductivity [1/Ω*m], 
- ρ electrical resistivity [Ω*m], 





6.7.3 Maximum efficiency 
The efficiency defined by Carnot cycle is only a theoretical. The real value of 
efficiency of the thermoelectric devices is about 10% of the Carnot efficiency. 
Then the maximum efficiency is define as: 
 
𝜂𝑚𝑎𝑥 = 𝜂𝐶𝐴𝑅𝑁𝑂𝑇 ∙ 𝛾 (Eq. 18)    
where: 
- ηmax   efficiency [-], 
- γ  coefficient representing materials properties [-], 
-  ηCARNOT  theoretical efficiency (Carnot cycle) [-]. 
The parameters of the materials properties are embodied in: 
𝛾 =
√1 + 𝑍𝐶 ∙ ?̅? − 1










(Eq. 20)   
where: 
- γ coefficient representing materials properties [-], 
- TH  temperature of the hot side [K], 
- TC  temperature of the cold side [K], 
- ZC Figure-of-merit of the couple [-], 
- ?̅? average temperature [K], 
- αAB  differential Seebeck coefficient [V/K], 
- R series resistance of A and B in series [Ω], 
- λ’  thermal conductivity of A and B in parallel [W/m*K].  
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6.8 Thermoelectric materials 
Nowadays semiconductors are the most researched and used materials for 
thermoelectric applications. The key factor is their optimal electric conductivity. 
The electric conductivity represents the charge carrier concentration, which has 
significant effect on the value of Seebeck coefficient and thermal conductivity.  
As is shown in following figure Fig. 26 the Seebeck coefficient is decreasing with 
the carrier concentration while the thermal and electric conductivities are 
increasing. The optimal value of charge carrier concentration is in the range of 
semiconductors. 
 
Fig. 26 The dependence of the Seebeck coefficient, thermal and electrical conductivities on the 
charge carrier concentration [25] 
The thermoelectric phenomena occur in all of conductive materials, however only 
the materials with the Figure-of-merit ZT > 0.5 are called thermoelectric 






The thermoelectric materials are divided into three main groups according to 
range of the operating temperatures. Low temperature materials are operated 
around the 450 K and are based on the bismuth in combinations with antimony, 
tellurium and selenium. Intermediate temperature range is around 850 K and the 
materials are based on telluride. High temperature materials are based on the 
germanium alloys and are operated around 1300 K. The thermoelectric materials 
are summarized in the following figure Fig. 27, which show temperature 
dependence on the figure-of merit for the various materials. 
 




7 Design of thermoelectric modules 
7.1 Common thermoelectric modules 
The thermoelectric module (TEM) is consisted of thermoelectric layer, which is 
sandwiched between two electrically isolated wafers. [1] The thermoelectric layer 
is made of number of the thermocouples connected electrically in series and 
thermally in parallel as is shown in the following Fig. 28.  
 
Fig. 28 Design of thermoelectric module 
The TEM can be designed in different size, shape and generated power require by 
application. Common modules are designed in size of centimetres and are able to 
generate tens of watts. The properties of common TEM are summarized in 
following table Tab. 4 as an example. 
Tab. 4 Properties of some common TEM 
Company Marlow industries Thermalforce 
Product TG12-8 TEG 199-200-5 
Hot side limit < 180 °C < 200 °C 
Dimensions 40 x 44 x 3,6 mm 40 x 40 x 3.2 
Power at T =50 °C (matched load) 7.9 W 10.9 W 
Voltage at T =50 °C (open-circuit) 9.4 V 5.1 V 
By combination of more thermoelectric layers the multistage and planar 
multistage design of thermoelectric module is created, see Fig. 29. This concept is 
used for thermoelectric cooling applications to increase an efficiency. 
 
a) b) 
Fig. 29 a) Multistage design b) Planar multistage design 
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7.2 MEMS thermoelectric modules 
Thanks to the MEMS technologies, the TEMs significantly reduce their 
dimensions. The special manufacturing process enable to create the thermoelectric 
array with high density of thermocouples see Fig. 30. 
 
Fig. 30 MEMS thermoelectric array 
The TEMs based on this technology are able to generate power in tens of mill watts 
and seems to be ideal solution for aircraft energy harvesting applications. The size 
of common and MEMS TEM are compared in Fig. 31. 
 








The properties of commercially available MEMS TEMs are summarized in 
following table Tab. 5. 
Tab. 5 Properties available in datasheets of commercially achievable MEMS TEMs 
Company Nextreme Thermal Solutions Micropelt 
Product HV56 Power Generator MPG-D751 
Wire version Yes No 
Hot side limit 25-200 °C < 200°C 
Cold side limit 0-50 °C  
Thermal resistance 13.1 K/W 12.5 K/W 
Thermal conductivity 0.076 W/K  
Dimensions 3.12 x 3.56 x 0.56 mm 4.248 x 3.364 x 1.09 
Power at T =50 °C 36.5 mW - 
Voltage at T =50 °C 1.25 V - 
Maximum power 280 mW - 
Maximum voltage 3.75 V - 
Power at T =30 °C - 13 mW 
Voltage at T =30 °C - 2.75 V 
 
The both MEMS TEM are shown in following Fig. 32. 
    
a) b) 




7.3 Thin-film thermoelectric layers 
Nowadays the thin-film thermoelectric layers are subject of research all over the 
world. [51] The printed electronics technologies enable to create very thin and 
flexible thermoelectric layers see Fig. 33. These technologies are not commercially 
available but the research in this field significantly develop the thermoelectric 
technologies. 
 
Fig. 33 Thin-film thermoelectric layers [27] 
7.4 Design of TEM 
The basic principles of TEM design are described in this chapter. “It is all about 
the figure-of-merit.” [52] 
7.4.1 Electric properties of TEM 
Internal electric resistance is given by equation: 
𝑅𝑇𝐸𝑀𝑒 = 𝑁 ∙
𝐿
𝐴
(𝜌𝑃 + 𝜌𝑁) 
(Eq. 21)   
where:  
-  RTEMe  electric resistance of TEM [Ω], 
-  N   number of thermocouples [-], 
-  L  height [m], 
-  A  cross section [m2], 
-  𝜌𝑃  electric resistivity of P-type semiconductor [Ω /m], 




Optimal for the energy harvesting applications is an impedance match condition 





(Eq. 22)   
where:  
- n load resistance ratio [-] , 
-  RTEMe  electric resistance of TEM [Ω], 
-  RLoad    load resistance [Ω]. 
Open-circuit voltage is a function of number of thermocouples and the temperature 
difference given by:  
𝑉𝑜𝑐 = 𝑁 ∙ (𝛼𝑃 − 𝛼𝑁) ∙ ∆𝑇 (Eq. 23)   
Operating voltage includes the load resistance ratio and is defined by equations: 




(Eq. 24)   
where:  
-  Voc  open-circuit voltage [V], 
- V operating voltage [V], 
-  N   number of thermocouples [-], 
-  ΔT  temperature difference [K], 
-  𝛼𝑃  Seebeck coefficient of P-type semiconductor [V/K], 
-  𝛼𝑁 Seebeck coefficient of N-type semiconductor [V/K] 
- n load resistance ratio [-]. 
7.4.2 Thermal properties of TEM 








(Eq. 25)   
where:  
-  RTEMto  thermal resistance of TEM in open-circuit [K/W], 
- L  height [m], 
-  N   number of thermocouples [-], 
-  A  cross section [m2], 
-  𝜆𝑃 thermal conductivity of P-type semiconductor [W/(mK)], 





Thermal resistance of TEM under load is given by: [52] 
𝑅𝑇𝐸𝑀𝑡 = (
𝑁2 ∙ (𝛼𝑃 − 𝛼𝑁)
2 ∙ 𝑇𝐻







(Eq. 26)   
where:  
-  RTEMt  thermal resistance of TEM in operating [K/W], 
-  N   number of thermocouples [-], 
-  𝛼𝑃  Seebeck coefficient of P-type semiconductor [V/K], 
-  𝛼𝑁 Seebeck coefficient of N-type semiconductor [V/K] 
- TH temperature of hot side [K], 
-  RTEMe  electric resistance of TEM [Ω] 
-  RTEMto  thermal resistance of TEM in open-circuit [K/W]. 
The thermal resistance of TEM together with the thermal resistance of a heat 
source and the heat sink creates the thermal network of TEG see Fig. 34. 
 
Fig. 34 Thermal network 





(Eq. 27)   
where: 
- m  thermal resistance ratio [-] , 
- RTEGt thermal resistance of TEM in operating [K/W],  
- Rsource thermal resistance of thermal energy source [K/W], 




The thermal resistance ratio is essential for optimal TEM design in energy 
harvesting applications. The normalized values of output power, efficiency and 
heat flow are shown in Fig. 35 depending on thermal resistance ratio. 
 


























8 Application and requirements 
8.1 Specification 
The aim of an autonomic thermoelectric generator is to provide electric power 
supply for the autonomous over-speed protection circuit implemented in Jet 
Control Unit (JECU) for turbo-shaft aircraft engine TS100, see Fig. 36 in the case 
of failure in on-board power supply. 
 
Fig. 36 Turbo-shaft engine TS100  
The minimum supply power requirements of over-speed transmitter application: 
- supplied system voltage: 5 V, 
- power consumption: 100 mW (correspond to current 20 mA), 
- continuous operating time: 30 min., 




8.2 Identification of thermal conditions 
The surface thermal performances of TS100 were determined by experimental 
measurement. 
Measurement devices 
- thermo-camera Fluke Ti25 
- temperature sensor Pt100 DM303 
- data logger  OM-CP-OCTRTD 
Measurement method 
The reference value of temperature was measured by Pt100 sensor. The 
thermogram obtained by thermo-camera was calibrated in accordance with this 
reference value. 
Conditions 
- ambient temperature Tamb=20 °C 
- TS100 output shaft power PTS100=180 kW 
Results 
The location of reference sensor and thermogram of engine TS100 body 
surface are shown in the Fig. 37. The reference temperature Tref1=171.2 °C. 
  








The locations of reference sensors and thermogram of the TS100 diffusor are 
shown in the Fig. 38. The reference temperature Tref2=190.3 °C. 
  
Fig. 38 Temperature of TS100 diffusor 
8.3 Location for TEG 
The space between the JECU and diffusor seems to be suitable for TEG 
application, see Fig. 39. According to the measurement the high temperature of 
diffusor surface, ensure sufficient temperature of the hot side. The cold side 
conditions will be ensured by the ambient temperature. Moreover, there are the 
mounting holes, which can be used for attachment of TEG in this area.  
  
a) b) 




9 Commercially available MEMS TEMs 
In accordance with an application power supply requirements defined in previous 
chapter, the two prospective commercially available TEMs are chosen for further 
design. 
9.1 TEM Nextreme HV56 
The TEM Nextreme eTEG HV56 is a single MEMS thermoelectric module with no 
packaging. The properties of TEM HV56 are available in datasheet Att. 1 and 
summarized in the following table Tab. 6. 
Tab. 6 Properties of Nextreme eTEG HV56 
Footprint [mm] 3.31 x 3.12 
Thickness [mm] 0.57 
Temperature of hot side [°C] 25-200 
Temperature of cold side [°C] 0-50 
Temperature gradient [°C] 10-200 
Number of thermocouples [-] 72 
Thermal resistance [K/W] 13.1 
Internal electric resistance [Ω] 10.7 
Net Seebeck voltage [mV/K] 25 
Typical performance for a matched load are shown in Tab. 7. 
Tab. 7 Performance of Nextreme eTEG HV56  
 ΔT=10 °C ΔT=50 °C ΔT=100 °C 
Pout [mW] 1.5 36 130 
Vout [V] 0.13 0.6 1.25 
Iout [mA] 12 60 105 
Voc [V] 0.26 1.2 2.5 
Isc [mA] 24 115 210 
The dimensions and design are shown in Fig. 40. 
 




9.2 TEM Micropelt TGP-751 
The Micropelt TGP-751 is a packaged version of MPG-751 MEMS thermoelectric 
module. 
The properties of TEM TGP-751 are available in datasheet Att. 2 and summarized 
in following table Tab. 8. 
Tab. 8 Properties of Micropelt TGP-751 
Footprint [mm] 15 x 10 
Thickness [mm] 1.09 
Number of thermocouples [-] 540 
Thermal resistance [K/W] 18 
Internal electric resistance [Ω] 300 
Net Seebeck voltage [mV/K] 110 
 Typical performance for a match load are shown in Tab. 9. 
Tab. 9 Performance of Micropelt TGP-751 
 ΔT=10 °C ΔT=20 °C ΔT=30 °C 
Pout [mW] 1 4 8.25 
Voc [V] 1.25 2.5 3.75 
The dimension and design are shown in Fig. 41. 
 





10 Experimental testing of commercially available 
TEMs 
The aim of the tests is to prove the function and validate the datasheet values. 
10.1 Test stand design 
The test stand was designed for wide range of temperatures in accordance with 
aircraft operation conditions. An electronically controlled heating unit is used as 
a heat source to ensure the hot side temperature of TEM. The cold side is ensured 
by climatic chamber WKL 100 and represent an ambient temperature with 
temperature range from -70 °C to +180 °C. The design of testing device is shown 
in Fig. 42. 
 
Fig. 42 Testing stand 
The material and properties of test stand parts are summarized in Tab. 10. 
Tab. 10 Properties of parts of testing model 
Part Material/Name Significant property 
Box ertacetal thermal conductivity  0.31 [W/m K] 
Thermal isolation thermoshield 850 thermal conductivity  0.117 [W/m K] 
Heating unit  power 2 [W/cm2] 
Thermal conductive layer PGS Graphite 
Sheets 
thermal conductivity  800 [W/m K] 
Temperature sensor  PT 100-1020 range from -70 °C to 500 °C 




10.2 Testing of TEM Nextreme HV56 
Functional test 
The preliminary tests of TEM Nextreme HV56 was set as a task of bachelor 
thesis [53]. The results are summarized in this chapter. The test stand and its 
thermogram is shown in the following figure Fig. 43. 
 
Fig. 43 Testing stand for TEM Nextreme HV56 
The temperature of cold and hot side during 150 seconds are shown in Fig. 44. The 
temperature of cold side was kept at 35 °C the hot side temperature 85 °C was 
reached in time 75 second. 
 























The open-circuit voltage waveform is shown in Fig. 45. The mean value of open-
circuit voltage is VOC= 0.51 V. 
 
Fig. 45 Open-circuit voltage of Nextreme HV56 
The comparison between the datasheet and tested values are summarized in the 
following table Tab. 11. The value obtained by testing is a bit lower because of 
lower temperature gradient on TEM, which is caused by location of temperature 
sensors.   
Tab. 11 Comparison of datasheet and testing values of TEM Nextreme HV56 
 TC [°C] TH [°C] ΔT [°C] Voc [V] 
Testing 35 85 50 0,51 


























Internal electric resistance 
Internal electric resistance of TEM Nextreme HV56 was measured in wide range 
of ambient temperature. The testing stand is described above in chapter 10.1. The 
realization is shown in Fig. 46. 
  
Fig. 46 Testing stand for measurement of internal resistance of Nextreme HV56 
The internal electric resistance was measured by alternating current in 
temperature range from -70 °C to 150 °C. The internal resistance and temperature 
dependence is shown in Fig. 47.  
Measurement devices: 
- climatic chamber 
- RLC meter – ESCORT ELC 131D (frequency 120Hz)  
 

























Packaging of TEM Nextreme HV56 
The TEMs Nextreme HV56 were damaged during the manipulation, therefore 
different types of packaging were tested. Unfortunately, the thermoelectric layer 
of TEM Nextreme HV56 is very brittle. The broken thermoelectric layer is shown 
in Fig. 48. 
     
a)       b) 





10.3 Testing of TEM Micropelt TGP-751 
Functional test 
The TEM Micropelt TGP-751 was tested in wide range of temperature. The test 
stand is described in chapter 10.1 and shown in Fig. 49. 
 
Fig. 49 Test stand of Micropelt TGP-751 
The temperatures of climatic chamber, hot side aluminium plate, cold side 
aluminium plate and heating unit were measured for 1600 second as is shown in 
the Fig. 50. The temperature gradient between hot and cold sides of aluminium 
plates was stabilized at 182 °C.   
 




























The curve of open-circuit voltage in time 1600 seconds is shown in Fig. 51. The 
TEM Micropelt TGP-751 was operated in high temperature gradient. 
 
Fig. 51 Open-circuit voltage Micropelt TGP-751  
Internal electric resistance 
The internal electric resistance of TEM Micropelt TGP-751 was measured in 
temperature range from -70 °C to 150 °C. The internal resistance dependence on 
temperature is shown in Fig. 52. 
 





















































The comparison between the datasheet and tested values are summarized in the 
following table Tab. 12. The datasheet values are similar to the measurement. 
Tab. 12 Comparison of datasheet and testing values of TEM Micropelt TGP-751 
 TC [°C] TH [°C] ΔT [°C] Voc [V] 
Test 25 55 50 3,61 
Datasheet 25 55 30 3,75 
 
10.4 Evaluation of tested TEMs 
The functionality of both types of tested TEMs was proven by experimental testing 
and verified with datasheet values. 
During the tests the significant problem with construction of TEMs Nextreme 
HV56 occurred. The thermoelectric layer is very brittle and easy to damage during 
the manipulation. On the other hand, the TEMs Micropelt TGP-751 with the 
packaging seems to be prospective for further development.   
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11 Simulation modelling 
The computational modelling and simulation are essential engineering techniques 
in research and development process Pub. 1. The analytic and numeric approaches 
are used for description of the thermoelectric phenomena. Understanding of the 
fundamental physical of thermoelectric principles and mathematical background 
of computational methods are essential for the models design and correct results 
interpretation. 
11.1 Overview of the thermoelectric models 
The simulation models of thermoelectric generators can be divided in accordance 
with complexity, mathematical approach and used software. A lot of the recently 
presented models are implemented in the SPICE environment [54]–[59], the 
models created in Matlab are shown in [60], [61]. The models using finite element 
methods (FEM) are described in [62]–[64]. The dynamic model of TEG is shown in 
[65]. The study comparing the results obtained by the models created in SPICE 
and ANSYS software is presented in [66]. The model of MEMS TEG is shown in 
[67]. 
According to the simulation, models presented in the previous studies two 
different simulation models were created. The first based on the analytical 
solution is created in the Matlab/Simulink environment, the second model based 




11.2 Analytic model of the MEMS TEG 
The analytic model of MEMS TEG was set as a topic of the bachelor thesis [53]. 
The details of the model are presented in Pub. 3 - Pub. 7. 
11.3 FEM model of the thermoelectric principles  
The model based on the FEM considers the precise geometry of the MEMS 
thermoelectric generator, which is consisted of the thermoelectric layer placed 
between the two dielectric wafers and packaging. The design of the packaging 
plays a key role in the design of the whole system. Thanks to the FEM model the 
precise shape structures, complex material properties and various types of loading 
and boundary conditions of MEMS TEM can be investigated. 
The FEM model is created in the ANSYS release 14. The software, which offers 
the fully three-dimensional numerical analysis of thermoelectric effects. 
11.3.1 Formulation of thermoelectricity in ANSYS software 
According to [68], [69] the thermoelectric theory in ANSYS software  is defined by 
the following equations. 
The equation of generated heat represents the thermal domain: 




(Eq. 28)   
where: 
- ?̇?  heat generated per unit volume [W/m3], 
- ρ  material density [kg/m3], 
- C  specific heat capacity [J/(KgK)], 
- T absolute temperature [K], 
- t time [s], 
- q heat flux vector [W/m2]. 
The electric domain is expressed by the equation of electric charge continuity: 




(Eq. 29)   
where: 
- J electric current density vector [A/m2], 
- D  electric flux density vector [C/m2], 
- t time [s]. 
The equations (Eq. 28) and (Eq. 29) are coupled by the thermoelectric equations.  
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Heat flux caused by the Peltier’s effect: 
𝒒 = [𝜋] ∙ 𝑱 − [𝜆] ∙ ∇𝑇 (Eq. 30)   
where: 
- q heat flux vector [W/m2], 
- J electric current density vector [A/m2], 
- T absolute temperature [K], 
- [𝜋] Peltier coefficient matrix [V], 
- [𝜆] thermal conductivity matrix [W/(mK)]. 
Electric current density caused by the Seebeck effect: 
𝑱 = [𝜎] ∙ (𝑬 − [𝛼] ∙ ∇𝑇) (Eq. 31)    
where: 
- J electric current density vector [A/m2], 
- E electric field intensity vector [V/m], 
- T absolute temperature [K], 
- [𝜎] electric conductivity matrix [S/m], 
- [𝛼] Seebeck coefficient matrix [V/K)]. 
Dielectric medium is express by: 
𝑫 = [𝜀] ∙ 𝑬 (Eq. 32)   
where: 
- D electric flux density vector [C/m2], 
- E electric field intensity vector [V/m], 
- [𝜀] dielectric permittivity matrix [F/m]. 
In the case of absence of the time-changing magnetic field, the electric field E is 
given by:  
𝑬 = −∇φ (Eq. 33)   
where: 
- E electric field intensity vector [V/m], 






By substituting the equations (Eq. 30), (Eq. 31), (Eq. 32) and (Eq. 33) into 
equations (Eq. 28) and (Eq. 29) the coupled thermoelectric equations are obtained:  
𝑞 =̇ 𝜌 ∙ 𝐶 ∙
𝜕𝑇
𝜕𝑡
+ ∇ ∙ ([𝜋] ∙ 𝑱) − ∇ ∙ ([𝜆] ∙ ∇𝑇) 
(Eq. 34)  
 
0 = ∇ ∙ ([𝜀] ∙ ∇
𝜕𝜑
𝜕𝑡
) + ∇ ∙ ([𝜎] ∙ [𝛼] ∙ ∇𝑇) + ∇ ∙ ([𝜎] ∙ ∇𝜑) 
(Eq. 35)  
The finite element formulation based on approximating the temperature T and 
electric scalar potential φ over a finite element is expressed as: 
𝑇 = 𝑵 ∙ 𝑻𝒆 (Eq. 36)  
𝜑 = 𝑵 ∙ 𝝋𝒆 (Eq. 37)  
where: 
- N vector of element shape function [-], 
- φe vector of nodal electric potentials [V/m], 
- Te vector of nodal temperatures [K]. 

















(Eq. 38)  
where:  
- 𝐾𝑇𝑇 = ∫ ∇𝑵 ∙ [𝜆] ∙ ∇𝑵 ∙ 𝑑𝑉
 
𝑉
 thermal stiffness matrix, 
- 𝐾𝜑𝜑 = ∫ ∇𝑵 ∙ [𝜎] ∙ ∇𝑵 ∙ 𝑑𝑉
 
𝑉
 electric stiffness matrix, 
- 𝐾𝜑𝑇 = ∫ ∇𝑵 ∙ [𝜎] ∙ [𝛼] ∙ ∇𝑵 ∙ 𝑑𝑉
 
𝑉
 Seebeck stiffness matrix, 
- 𝐶𝑇𝑇 = 𝜌 ∙ ∫ C ∙ 𝑵 ∙ 𝑵 ∙ 𝑑𝑉
 
𝑉
  thermal damping matrix, 
- 𝐶𝜑𝜑 = ∫ ∇𝐍 ∙ [𝜀] ∙ ∇𝑵 ∙ 𝑑𝑉
 
𝑉
 dielectric damping matrix, 
- 𝑄𝑃 = ∫ ∇𝑵 ∙ [𝜋] ∙ 𝑱 ∙ 𝑑𝑉
 
𝑉
  Peltier heat load vector, 
- 𝑄𝑒 = ∫ 𝑵 ∙ 𝑬 ∙ 𝑱 ∙ 𝑑𝑉
 
𝑉
  electric power load vector, 
- 𝑄     vector of combined heat generation loads, 








11.3.2 Material properties for FEM models 
The materials of the FEM models have isotropic or orthotropic properties. The 
isotropic material properties are summarized in Tab. 13. 
Tab. 13 Isotropic material properties for 25 °C 
Material properties 
Wafer  thermal conductivity 120 W/(m*K) 
Conductor 
thermal conductivity 400 W/(m*K) 
 
resistivity 1.7*10-7 Ω*m 
Air thermal conductivity 0.028 W/(m*K) 
Solder 
thermal conductivity 57 W/(m*K) 
resistivity 1.7*10-7 Ω*m 
The material properties of the thermoelectric layer are essential for model 
performances therefore their properties are defined more precisely varying with 
temperature. The material properties of semiconductors based on Bi2Te3 are shown 
in the following figures. The values are approximated based on the data presented 
in [25]. The temperature dependence of conductivity, resistivity and Seebeck 
coefficient of the P-type semiconductor are shown in the figure Fig. 53. 
  
       a)        b) 
 
         c) 
Fig. 53 Material properties of P-type semiconductor Bi2Te3 a) Seebeck coefficient t b) resistivity c) 







































































The temperature dependence of conductivity, resistivity and Seebeck coefficient of 
the N-type semiconductor are shown in the figure Fig. 54. 
  
a)            b) 
 
       c) 
Fig. 54 Material properties of N-type semiconductor Bi2Te3 a) Seebeck coefficient b) resistivity c) 








































































11.3.3 Model of the MEMS thermocouple – Seebeck effect 
The thermocouple is a fundamental subpart of each thermoelectric module and 
demonstrate the fundamentals of thermoelectricity.  
The thermocouple is consisted of the N-type and P-type semiconductors, connected 
by copper strips. The electric circuit is completed by the body, which represents 





Fig. 55 a) Model of the MEMS thermocouple b) Dimensions of the MEMS thermocouple 
The boundary conditions and material properties for the representation of the 





Tab. 14 Boundary conditions and material properties of the MEMS thermocouple model 
Boundary conditions 
Hot side temperature 80 °C 
Cold side temperature 30 °C 
Electric ground potential 0 V 
Material properties 
N-type semiconductor Bi2Te3 
thermal conductivity 0.823 W/(m*K) 
resistivity 2.6*10-5 Ω*m 
Seebeck coefficient -0.000209 V/K 
P-type semiconductor Bi2Te3 
thermal conductivity 0.8958 W/(m*K) 
resistivity 1.015*10-5 Ω*m 
Seebeck coefficient 0.000173 V/K 
Conductor copper 
thermal conductivity 400 W/(m*K) 
 
resistivity 1.7*10-7 Ω*m 
Resistance resistivity 1*10-5 Ω*m 
The boundary conditions are shown in the Fig. 56. 
 
Fig. 56 Boundary conditions applied on the thermocouple to demonstrate the Seebeck effect 
The mesh of the thermocouple model is shown in the Fig. 57. 
 





The temperature distribution across the thermocouple is shown in the Fig. 58.  
 
Fig. 58 Temperature distribution through thermocouple 
The value load resistance is set to simulate the open-circuit voltage see Fig. 59. 
The level of voltage is low because of simulation includes only single one 
thermocouple. 
 
Fig. 59 Open-circuit voltage generated by thermocouple 
The results confirm the theory of Seebeck effect.  
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11.3.4 Model of the MEMS thermocouple – Peltier effect  
The geometry and material properties of the model are the same as in the case of 
the Seebeck effect. Model is differing in the boundary conditions. The electric 
current is passing through the thermocouple and the temperature of the hot side 
is set to 30 °C see Fig. 60. 
 
Fig. 60 Boundary conditions applied on the thermocouple to demonstrate the Peltier effect 
The one side of the thermocouple is cooled by the Peltier heat, which is induced by 
the passing current. The corresponding temperatures distribution is shown in the 
following figure Fig. 61. If the level of current is increased, the higher cooling effect 
occur. In the following figure the Peltier, effect for two different current levels is 







Fig. 61 a) Temperature distribution for the applied current 0.1 A b) Temperature distribution for 






11.3.5 Model of the MEMS thermocouple 
In the real MEMS TEM, the semiconductors are connected to the copper conductor 
by solder as shown in the Fig. 62. The effect of the solder connections on the 
thermocouple performance is investigated. The thickness of the solder layer is 10 
μm. 
 
Fig. 62 Bodies representing solder applied into the thermocouple geometry 
The material properties of the solder are defined in Tab. 15.  
Tab. 15 Boundary conditions and material properties 
Material properties 
Solder AuSn 
thermal conductivity 57 W/(m*K) 
resistivity 1.7*10-7 Ω*m 
The temperature distribution across the thermocouple with solder connections are 
shown in the Fig. 63. 
 






The level of the generated open-circuit voltage is show in the Fig. 64. 
 
Fig. 64 Voltage generated by thermocouple with solder connections 
The open voltage for the design with no solder is 0.0191 V as is shown above in 
Fig. 59. The solder has significant effect to the thermocouple and need to be 




11.4 Model of the MEMS TEM Nextreme eTEG HV56 
The thermoelectric layer of the MEMS TEM Nextreme eTEG HV56 is consisted 
of 72 thermocouples connected electrically in series and thermally in parallel see 
Fig. 65.  
 
Fig. 65 Thermoelectric layer of the MEMS TEM Nextreme eTEG HV56 
The structure of the thermoelectric layer of the module HV56 was studied under 
microscope resolution. The design of the real module and model are compared in 
Fig. 66. 
 




The thermoelectric layer is electrically isolated by wafers from the both sides. The 
connecting pads are placed on the each side of thermoelectric layer and are 
connected together by wires and the body, which represents load resistance as is 
shown in the following figure Fig. 67.   
 
Fig. 67 Model design of the MEMS TEM Nextreme eTEG HV56 
The comparison of the geometry of real module HV56 and its model is shown in 
Fig. 68. 
 
Fig. 68 Comparison of the Nextreme eTEG HV56 geometry and its model 
The thermoelectric layer is surrounded by air, which is represented by solid body 
with air material properties see Fig. 69. 
 
Fig. 69 Body represents air surrounded thermoelectric layer 
77 
 
11.4.1 Results of the simulation of the Nextreme eTEG HV56 module 
The model is simulated for the boundary conditions in accordance with the 
characteristics available in datasheet. This approach is need for the following 
results comparison and evaluation. 
 
Temperature distribution 
The temperature distribution in structure of the Nextreme eTEG HV56 module is 
shown in Fig. 70. 
 
Fig. 70 Temperature distribution in module HV56 
The detail of the temperature distribution in the thermocouple is shown in Fig. 
71. 
 






Distribution of the open-circuit voltage in the Nextreme eTEG HV56 module for 
the temperature gradient 20 °C is shown in Fig. 72. 
 
Fig. 72 Voltage distribution in the HV56 module 
The voltage distribution on the thermoelectric layer is shown in the Fig. 73. The 
voltage increase linearly with the number of thermocouples. 
 
 





The open-circuit voltage is a difference of electric potentials between two terminals 
of device, when disconnected of any circuit, there is no external load. In the model, 
this is realized by the high value of resistivity so that almost no current is passing 
through. Boundary conditions for the open-circuit simulation are shown in Tab. 16 
Tab. 16 Boundary conditions for the open-voltage model 
Boundary conditions 
Temperature of cold side 20 °C 
Voltage (ground) 0 V 











The open-circuit voltage is simulated for different temperature gradients. The 
results are shown in the following table Tab. 17. 
Tab. 17 Results of open-circuit voltage simulation for a different temperature gradient 
Results 

























The results of the model are in accordance with datasheet as is shown in 
following Fig. 74.  
 































The current, voltage and generated power for a matched load are calculated for 
different temperature gradients. The match load resistance is 10 Ω. The boundary 
conditions for the model are shown in Tab. 18. 
Tab. 18 Boundary conditions for the generated electric power model 
Boundary conditions 
Temperature of cold side 20 °C 
Voltage (ground) 0 V 
Resistivity (resistance) 0.00005 Ω*m (10 Ω) 
The results are presented in the following table Tab. 19. 
Tab. 19 Results of electric output properties for different temperature gradient 
Results 
 Tem. of hot side [°C] Current [A] Voltage [V] Power [mW] 
30 
 
0.0120 0.1165 1.4037 
40 0.0242 0.2336 5.6433 
50 
 
0.0364 0.3519 12.8107 
60 
70 
0.0486 0.4695 22.7969 
70 
 
0.0609 0.5892 35.9023 
80 0.0733 0.7084 51.9050 
90 0.0853 0.8246 70.3341 
100 0.0973 0.9405 91.4797 
110 0.1090 1.0537 114.8343 
120 0.1208 1.1678 141.0610 


















The generated power obtained by the simulation match very well to the datasheet 
vales for a temperature gradient up to 80 °C. For the higher temperature gradient, 
the deviation is significant, see Fig. 75. This deviation is reason of the different 
material properties for high temperatures. 
 
Fig. 75 Comparison of generated power of simulation and data sheet of module HV56 
Power vs. current and voltage vs. current curves 
The dependence of voltage and power on the current for temperature gradients 10 
°C and 50 °C are compared. Boundary condition for simulation are shown in Tab. 
20. 
 Tab. 20 Boundary conditions for model 
Boundary conditions 
Temperature of cold side 20 °C 
Voltage (ground) 0 V 
Temperature of hot side (ΔT=10 °C) 30 °C 






























The results for the temperature gradient 10 °C are summarized in the Tab. 21. 
The comparison of the results and datasheet are shown in figures Fig. 76 and Fig. 
77.  
Tab. 21 Results of electric properties for temperature gradient 10 °C 
Results 
 Load Resistivity [Ω*m] Load Resistance[Ω] Current [A] Voltage [V] Power [mW] 
0.00000025 0.05 0.0254 0.0014 0.0350 
0.000005 1 0.0216 0.0212 0.4570 
0.000025 5 0.0160 0.0775 1.2401 
0.00005 10 0.0120 0.1165 1.4037 
0.000075 15 0.0097 0.1400 1.3527 
0.0001 20 0.0081 0.1558 1.2557 
0.0003 60 0.0035 0.2009 0.6972 
0.0005 100 0.0022 0.2133 0.4715 
0.005 1000 0.0002 0.2327 0.0561 
 
Fig. 76 Comparison of power vs. current curve of simulation and datasheet of module HV56 for 
temperature gradient DT=10 °C 
 
Fig. 77 Comparison of voltage vs. current curve of simulation and datasheet of module HV56 for 










































The results for the temperature gradient of 50 °C are summarized in the table 
Tab. 22. The comparison of the simulation results and datasheet values are shown 
in figures Fig. 78 and Fig. 79.  
Tab. 22 Results of electric properties for temperature gradient 50 °C 
Results 
 Load Resistivity [Ω*m]  Load Resistance[Ω] Current [A] Voltage [V] Power [mW] 
0.00000025 0.05 0.1260 0.0068 0.8604 
0.000005 1 0.1072 0.1055 11.3103 
0.000025 5 0.0804 0.3893 31.2880 
0.00005 10 0.0609 0.5892 35.9023 
0.000075 15 0.0491 0.7110 34.8800 
0.0001 20 0.0411 0.7930 32.5553 
0.0003 60 0.0178 1.0311 18.3556 
0.0005 100 0.0114 1.0969 12.4672 
0.005 1000 0.0012 1.2005 1.4935 
 
Fig. 78 Comparison of Power vs. current curve of datasheet and simulation of module HV56 for temperature gradient 
DT=50 °C 
 












































11.5 Model of the MEMS TEM Micropelt MPG-D751 
The thermoelectric layer of the Micropelt MPG-D751 module is consisted of 540 











The design of the model of MPG-D751 module is shown in the Fig. 81. 
        
Fig. 81 Comparison of the geometry of module MPG-D751 and its model 
The thermoelectric layer is surrounded by air, which is represented by solid body 
with air material properties see Fig. 82. 
 






11.5.1 Material properties of the model of Micropelt MPG-D751 module 
The model of Micropelt MPG-D751 has similar material properties as the module 
Nextreme eTEG HV56 mention above in chapter 11.3.2. 
11.5.2 Results of the simulation of MPG-D751 module 
The model is calculated for the boundary conditions in accordance with the 
presented datasheet characteristic for results comparison and evaluation.  
 
Temperature distribution 
The temperature distribution in the structure of the module Micropelt MPG-D751 
is shown in Fig. 83. 
 
Fig. 83 Temperature distribution in module MPG-D751 
The detail of the temperature distribution in the thermocouple is shown in Fig. 
84.  
 




The open-circuit voltage distribution in the Micropelt MPG-D751 module for 
temperature difference 5 °C is shown in Fig. 85. 
 
Fig. 85 Voltage distribution in the MPG-D751 
The voltage distribution in the thermoelectric layer, see Fig. 86. 
 





Boundary conditions for open-circuit voltage are summarized in the following 
table Tab. 23. 
Tab. 23 Boundary conditions for the open-voltage model 
Boundary conditions 
Temperature of the cold side 25 °C 
Ground potential 0 V 
Resistivity 108 Ω*m 
The open-circuit voltage is calculated for the different temperature gradients. The 
results are shown in table Tab. 24 and plotted in Fig. 87.  
Tab. 24 Results of open-circuit voltage for the different temperature gradient 
Results 

















































The current, voltage and generated power are calculated in dependence with load 
resistance in accordance to datasheet values for results comparison and 
evaluation. The simulations are run for two levels of temperature gradient. 
Tab. 25 Boundary conditions 
Boundary conditions 




Temperature of the hot side 
35 °C 
55 °C 
Ground potential 0 V 
Tab. 26 Results for ΔT=10 °C 
Results for ΔT=10 °C 
 Load resistance [Ω] Current [mA] Voltage [V] Power [mW] 
10 3.7920 0.0368 0.1396 
200 2.6683 0.5171 1.3797 
290 2.3401 0.6575 1.5386 
300 2.3084 0.6710 1.5489 
350 2.1621 0.7332 1.5852 
400 2.0333 0.7880 1.6022 
600 1.6419 0.9545 1.5672 
1500 0.8800 1.2789 1.1254 
Tab. 27 Results for ΔT=30 °C 
Results for ΔT=30 °C 
 Load resistance [Ω] Current [mA] Voltage [V] Power [mW] 
10 11.1120 0.1079 1.1987 
200 7.9050 1.5319 12.1097 
290 6.9523 1.9535 13.5813 
300 6.8604 1.9941 13.6804 
350 6.4378 2.1831 14.0545 
400 6.0617 2.3492 14.2404 
600 4.9137 2.8565 14.0360 







The results are plotted in comparison with datasheet values. The voltage vs. load 
resistance is shown in Fig. 88. The generated voltage is in match with datasheet 
values. 
 
Fig. 88 Voltage vs. load resistance for ΔT=10 °C and ΔT=30 °C 
The generated power in dependence with load resistance is presented in Fig. 89. 
The generated power match very well for lower temperature gradient ΔT=10 °C. 
For a higher temperature gradient ΔT=30 °C the deviation is significant. The 
reason for this deviation are temperature-dependence of material properties for 
some parts of the model. 
 










































Voltage vs. current curves compared with the datasheet values are shown in Fig. 
90. 
 






















11.6 Model of the MEMS TEM Micropelt TGP-751 
The MEMS TEM Micropelt MPG-D751 is integrated into the package to ensure 
the strength and facilitate manipulation. Its designation is Micropelt TGP-751. 
The module and its model are shown in Fig. 91. 
  
a)      b) 
Fig. 91 Design of TGP-751 module a) real b) model 
The MEMS Micropelt MPG-D751 is connected to the PCB pads and placed 
between two aluminium blocks. The space between the blocks is filled by isolator 
made of SiO2 material see Fig. 92. 
         
a)      b) 




11.6.1 Material properties of Micropelt TGP-751 module 
The material properties of the Micropelt MPG-D751 are described above in 
chapter 11.5.1. The material properties of packaging parts are summarized in Tab. 
28. 
Tab. 28 Material properties 
Material properties 
Aluminium thermal conductivity 205 W/(m*K) 
Isolator SiO2 thermal conductivity 0.13 W/(m*K) 
PCB FR4 thermal conductivity 0.29 W/(m*K) 
Conductor copper 
thermal conductivity 400 W/(m*K) 
 









11.6.3 Results of the simulation of Micropelt TGP-751 module 
Temperature distribution 
The temperature distribution is essential for the design of TEM packaging. The 
goal is to hold the temperature gradient on the hot and cold side of TEM integrated 
inside, see Fig. 93. 
 
 





Boundary conditions for open-circuit voltage are summarized in following table 
Tab. 29. 
Tab. 29 Boundary conditions for open-circuit voltage simulation 
Boundary conditions 
Hot side temperature 35 °C 
Cold side temperature 25 °C 
Electric ground 0 V 
Resistivity 108 Ω*m 
The open-circuit voltage is calculate for the different temperature gradients. The 
results are shown in table Tab. 30. 
Tab. 30 Results of open-circuit voltage for the different temperature gradients 
Results 











The results of the model are in accordance with datasheet as is shown in 
following figure Fig. 94.  
 

































The current, voltage and generated power are calculated in dependence to the 
temperature gradient. The results are compared with available datasheet values. 
The boundary condition are summarized in Tab. 31.  
Tab. 31 Boundary conditions 
Boundary conditions 




Load resistance (Matched load) 300 Ω 
Ground potential 0 V 
The results are summarized in the following table Tab. 32 and plotted in the Fig. 
95.  
Tab. 32 Results of generated power 
Results 
 Temp. of hot side [°C] Current [mA] Voltage [V] Power [mW] 
30 
 
0.9714 0.2514 0.2442 
35 1.9396 0.5020 0.9737 
40 2.9076 0.7526 2.1882 
45 3.8749 1.0030 3.8863 
50 4.8323 1.2508 6.0440 
55 5.7823 1.4967 8.6542 
 
 






















11.7 Summarization of simulation modelling 
The chosen software ANSYS Release 14. is a great tool for simulation modelling 
of the thermoelectric processes. The behaviour of two commercially available 
MEMS TEMs with very different design were simulated and verified. In 
accordance with the above presented results, the simulation results fit very well 
with datasheet values. The created model of MEMS TEMs Micropelt TGP-751 is 




12 Power management design 
An electric energy generated by thermoelectric modules TEMs is delivered 
through the blocking diodes to the power management. These diodes are necessary 
when the uniform temperature distribution on the modules is not guaranteed. 
Schottky diodes with very low forward voltage drop (0.2 V) are implemented to 
ensure as low voltage losses as possible. 
The power management converts the raw generated energy at the output 
terminals of the harvester to the useful electric power. The 15 V, 75 mA high 
efficient buck converter TPS62120 from Texas Instruments is utilized in the 
design. The TPS62120 is a high efficient synchronous step down DC-DC converter 
optimized for low power applications. The wide operating input voltage range of 2 
V to 15 V supports energy harvesting, battery powered and as well 9 V or 12 V line 
powered applications. 
The power output from energy harvester is smoothed by the ultra-low-dropout 
ULDO regulator before passing to the supplied circuitry. Safety of the supplied 
low-power electronics is ensured by the internal overcurrent and thermal 
protection loops in the ULDO regulator. The overvoltage protection is provided by 
the transient voltage suppressors at terminals of the modules. The block scheme 
of power management is shown in the following figure Fig. 96. 
  
Fig. 96 System block diagram of TEG power source for aircraft application 
The power management was realized and successfully tested, see Fig. 97. 
 
Fig. 97 Power management with buck converter TPS62120 
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13 Mechatronic design of the thermoelectric generator 
The TEG is designed in accordance with the mechatronics principles based on the 
model-based design as defined in chapter 5.  
The application requirements, prospective location and thermal condition are 
summarized in chapter 8. 
The experimental testing and simulation modelling of commercially available 
MEMS TEMs are described in chapter 10 and chapter 11. In accordance with the 
obtained results the TEMs Micropelt TGP-751 are utilized in further design. 
13.1 TEG prototype A 
The aim of the prototype A is to prove the conception mainly the functionality of 
MEMS TEG TGP-751 under the thermal conditions in chosen location and define 
the thermal properties for a mounting pad and heat sink. 
13.1.1 Design of prototype A 
The prototype A is composed of: 
 mounting pad - ensures the connection to the diffusor part of TS100 and 
heat transfer to the TEM TGP-751 
 TEM TGP-751 – ensures the thermoelectric conversion 
 heat sink – ensures heat exchange to the ambient environment. 
As is shown in the Fig. 98. 
  
 
    




13.1.2 Simulation modelling of the prototype A 
Model description 
The simulation model of prototype A is based on the model described in Chapter 
11. The model of Micropelt TGP-751 is described in detail in Chapter 11.6. The 
mounting pad and the heat sink are modelled as solid bodies. The connections of 
each parts are modelled as thin layers, which represent the thermal conductive 
paste or glue. The hot side is modelled as surface temperature located in the place 
of connection of mounting pad and the engine. The other surfaces ensure the 
natural convection to the ambient, see Fig. 99. 
 
a)      b) 
Fig. 99 a) connection layers b) boundary conditions 
The mounting pad and heat sink are made of aluminium. The boundary condition 
are summarized in following table Tab. 33.   
Tab. 33 Material properties and boundary conditions 
Material properties 
Aluminium thermal conductivity 205 W/(m*K) 
Boundary conditions 
Temperature of hot side 
thermal conductivity 
200 °C 
Ambient temperature 20 °C 
Convection to the ambient 12.2 W/m2 










The temperature distribution of the prototype A is shown in the following figure 
Fig. 100. The steady state temperature of the heat sink is 80 °C for above-
mentioned initial conditions. 
 
Fig. 100 Temperature distribution on prototype A 
The temperature distribution on the module Micropelt TGP-751 is shown in Fig. 
101. The temperature gradient between the cold and hot side is 97 °C. 
 






The detailed study of temperature gradient on the MEMS module Micropelt TPG-
D751 is shown in Fig. 102. The temperature gradient between the cold and hot 
side is 88 °C. 
 
Fig. 102 Temperature distribution on Micropelt TPG-751 integrate inside the prototype A 
The voltage distribution for the load resistance of 300 Ω is shown in Fig. 103.  
 
Fig. 103 Voltage distribution of the thermoelectric part of prototype A for load resistance 300 Ω 
The results of electric output properties for load resistance 300 Ω are summarized 
in Tab. 34. 
Tab. 34 Simulation of electric properties of prototype A for load resistance 300 Ω   
Electric output properties 
Voltage [V] Current [mA] Power [mW] 





13.1.3 Evaluation of a conception of the prototype A 
The temperature difference on the TEM TPG-D751 is 88 °C and generated power 
for the matched load is 28.2 mW. I accordance with the presented results of 
simulation modelling the conception of the prototype A is prospective for 
realization and experimental testing.  
13.2 Testing of prototype A 
13.2.1 Installation 
The prototype A was attached in the place between the JECU and diffusor of 
engine TS100. The prototype A and its location are shown in the Fig. 104.  
   
a)      b) 
Fig. 104 a) Prototype A b) Prototype A placed on TS100 
13.2.2 Measurement description 
The temperature sensors Pt100 measure the temperature of heat sink, mounting 
pad, diffusor and JECU. The values of temperatures are recorder it time by data 
logger CompactRIO as well as voltage and current, see Fig. 105.   
 




13.2.3 Temperature condition 
The whole system’s temperature distribution was captured using an infrared 
camera to examine thermal conditions. The figure show the temperature 
distribution in time 15 minutes after the start to nominal operation power. 
Because of different values of emissivity of the surfaces of mounting pad and heat 
sink the thermograms for each part are created separately, see Fig. 106. 
    
a)       b) 
Fig. 106 a) Thermogram with emissivity suitable for heat sink surface b) Thermogram with 
emissivity suitable for mounting pad surface 
The system was measured for 30 minutes of TS100 nominal power running. The 
time dependence of temperatures of TS100 diffusor, mounting pad, heat sink and 
JECU are shown in Fig. 107. The values in time 15 minutes after start are 
summarized in following table Tab. 35  
Tab. 35 Temperature measurement of prototype A in time 15 minutes after start 
Temperature 
Diffusor [°C] Mounting pad [°C] Heat sink [°C] JECU [°C] 
222 191 82 55 
The temperature gradient measured between the mounting pad and heat sink 









The time dependency of temperatures is shown in the following figure Fig. 107. As 
is shown in this figure the TS100 is heated up in 600 seconds.    
 
Fig. 107 Time dependency of temperature 
13.2.4 Electric output characteristics 
The electric output characteristics are measured for load resistance 300Ω. The 
time-voltage curve is shown in Fig. 108. The level of voltage has peak in time 400 
seconds because the engine heat does not affect the heat sink. The value is 
stabilized around 3.5 volts after time 600 seconds. 
 













































The time-current dependency is shown in Fig. 109. The waveform of current curve 
is very similar to the waveform of voltage curve shown above. The stable value is 
around 9.8 mill amperes.   
 
Fig. 109 Current curves 
The time dependency of generated power is shown in Fig. 110. The stable value of 
the generated power is around 34.2 mill watts. 
 
Fig. 110 Power curves 
The average values of electric output characteristics obtained by measurement are 
summarized in Tab. 36. 
Tab. 36 Average values of electric output characteristic for matched load conditions 
Electric properties 
Voltage [V] Current [mA] Power [mW] 









































13.2.5 Evaluation of the experimental testing 
In accordance with the presented results of experimental testing, the prototype A 
is able to generate 34.2 mW for nominal power operation mode of TS100. These 
results exceeded our expectations based on the simulation modelling see Tab. 37. 
The conception of prototype A and chosen location are perspective for further 
development. 
Tab. 37 Comparison of experimental and simulation results 
Electric properties 
 Voltage [V] Current [mA] Power [mW] 
Experiment 3.5 9.8 34.2 
Simulation 3.2 8.8 28.2 
Difference 8.6 % 10.2 % 17.5 % 
13.3 TEG prototype B 
The aim of the prototype B is to fulfil the application power requirements defined 
in chapter 8. The design of prototype B follows the successfully tested conception 
of prototype A.  
13.3.1 Design of the prototype B 
The three TEMs Micropelt TGP-751 are used in prototype B as shown in Fig. 111. 
The aim of the mounting pad and heat sink design is to ensure the similar thermal 
conditions for all three TEMs. 
 
Fig. 111 Design of prototype B 
The mounting pad and the heat sink are made of aluminium and mounted together 




13.3.2 Simulation modelling of prototype B 
The simulation model of prototype B is very similar to the model of prototype A 
described above in chapter 0. The hot side is modelled as a surface temperature in 
the place of connection of mounting pad and the engine as shown in the Fig. 112. 
The cooling of the heat sink is ensured by natural convection to the ambient.  
 
Fig. 112 Hot side boundary condition 
Material properties and boundary conditions are defined in the Tab. 38. 
Tab. 38 Material properties and boundary conditions 
Material properties 
Aluminium thermal conductivity 205 W/(m*K) 
Steel thermal conductivity 60 W/(m*K) 
Boundary conditions 
Temperature of hot side 
thermal conductivity 
200 °C 
Ambient temperature 20 °C 
Convection to the ambient 12.2 W/m2 










The steady-state temperature distribution of the prototype B is shown in Fig. 113. 
The temperature of mounting pad is 198 °C and temperature of heat sink is 115 
°C. 
 
Fig. 113 Steady-state temperature of prototype B  
The temperature distribution on the modules TGP-751 integrated into prototype 
B is shown in Fig. 114. The temperature distribution on each of TGP-751 modules 
is very similar which is important for their proper behaviour after their parallel 
electrical connection. The temperature gradient between the hot and cold side of 
TEMs TGP-751 is 80 °C. 
 




The electric voltage for load resistance 300 Ω is shown in Fig. 115. Thanks to the 
similar temperatures on the hot and cold side of TGP-751 modules, the values of 
voltage are the same as well.  
 
Fig. 115 Electric voltage for load resistance 300 Ω on the connecting pads of TGP-751 modules of 
prototype B 
The results of electric output properties of one module are summarized in Tab. 39. 
The electric power generated by each of the modules is 77.19 mW. 
Tab. 39 Electric properties of single one TEM of prototype B for load resistance 300 Ω  
Electric properties 
Voltage [V] Current [mA] Power [mW] 
4.82 16.00 77.19 
13.3.3 Evaluation of conception of prototype B 
According to the results of simulation, modelling the conception of prototype B is 
prospective for the realization and experimental testing. The temperature 





13.4 Testing of prototype B 
13.4.1 Installation 
The prototype B is realized in accordance with the design described above. The 
three TEMs TPG-D751 are placed between the mounting pad and heat sink. Both 
parts are tightened together by four screws. The mounting pad was attached into 
the diffusor of engine TS100 power unit by two screws. The prototype B and its 











13.4.2 Measurement description 
The power unit TS100 was run up from the cold-start to the nominal power level. 
The temperature of hot side, cold side, heat sink and ambient were measured by 
Pt 100 temperature sensors. The open-circuit voltage and short-circuit current for 
each TEM and their parallel connection were measured. The scheme of 
measurement is shown in Fig. 117.  
 
Fig. 117 Scheme of measurement of prototype B  
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13.4.3 Temperature properties 
The temperatures of hot side, cold side, heat sink and ambient are shown in the 
following Fig. 118. The power unit TS100 was started up to the nominal power 
level. The steady state is reached after 900 seconds. 
 
Fig. 118 Temperatures during the stars up of TS100 
The values of temperatures in time 1200 seconds are shown in Tab. 40. 
Tab. 40 Temperature values of prototype B in time 1200 seconds after start 
Temperature 
Hot side [°C] Cold side [°C] Heat sink [°C] Ambient [°C] 
179.8 71.6 66.4 10.8 
































The temperature distribution in time 1200 seconds was captured by infrared 
camera. The thermogram of the whole system is presented in Fig. 119. 
 
Fig. 119 Temperature distribution during the nominal power of TS100 in time 1200 seconds after 
cold-start 
13.4.4 Electric output characteristic 
The electric output characteristic are measured in temperatures steady state on 
nominal power level. Open-circuit voltages of each module are shown in the 
following figure Fig. 120. 
 
Fig. 120 Open-circuit voltage 
The values of open-circuit voltage are different for each module. The difference is 
because of unequal temperature condition and different manufactured properties 


























The short-circuit current for each module is shown in the Fig. 121. 
 
Fig. 121 Short-circuit current 
The short-circuit currents are different as well as open-circuit voltage for the same 
reason mentioned above. 
The volt-ampere characteristic for each module are presented in Fig. 122. 
 
Fig. 122 Volt-ampere characteristics 
In accordance with the volt-ampere characteristic the generated power for 























































13.4.5 Evaluation of the experimental testing 
In accordance with the presented results of experimental testing, the prototype B 
is able to generate power of P1=85.21 mW, P2=72.78 mW and P3=70.92 mW for 
nominal power operation mode of power unit TS100. These results of experimental 
testing and the simulation modelling are summarized in the following table Tab. 
41. The results of simulation modelling correspond to the results of experimental 
testing. 
Tab. 41 Comparison of experimental and simulation results of prototype B for matched load 
Electric properties 
 TEM Voltage [V] Current [mA] Power [mW] 
Experiment 
Module 1 5.3 16.1 85.2 
Module 2 4.7 15.5 72.7 
Module 3 4.9 14.4 70.9 
 Parallel 5 46 230 
Simulation Module 1, 2, 3 4.8 16.0 77.2 
Difference 
Module 1 9.4 % 0.6 % 
3.1 
9.4 % 
Module 2 1.9 % 
1.9% 
 
3.1 % 5.3 % 





13.5 TEG Prototype C 
The aim of the prototype C is to increase temperature gradient on the TEMs. The 
design of prototype C follows the successfully tested conception of prototype B.  
13.5.1 Design of the prototype C 
Design of the prototype C is very similar to the design of the prototype B. The 
difference is in utilization of plastic screws for the heat sink and mounting pad 
connection see Fig. 123.  
 
Fig. 123 Design of prototype C 
The screws are made of polyether ether ketone (PEEK) see Fig. 124. The thermal 
conductivity of PEEK material is 0.25 W/mK. The limit of operating temperature 
is 200 °C. 
 




13.5.2 Simulation modelling of prototype C 
The simulation model of prototype C is similar to the model of prototype B 
described above in chapter 13.3.2. Only difference is in the material properties of 
screws.  
Material properties and boundary conditions are defined in the following Tab. 42. 
Tab. 42 Material properties and boundary conditions 
Material properties 
Aluminium thermal conductivity 205 W/(m*K) 
PEEK thermal conductivity 0.25 W/(m*K) 
Boundary conditions 
Temperature of hot side 
thermal conductivity 
200 °C 
Ambient temperature 20 °C 
Convection to the ambient 12.2 W/m2 










The steady-state temperature distribution of the prototype C is shown in Fig. 125. 
The temperature of mounting pad is 197 °C and temperature of heat sink is 74 °C. 
 
Fig. 125 Steady-state temperature of prototype B  
The temperature distribution on the modules TGP-751 integrated into prototype 
C is shown in Fig. 126. The temperature gradient between the hot and cold side of 
TEMs TGP-751 is 120 °C. 
 
Fig. 126 Steady-state temperature on TGP-751 of prototype C 
The electric voltage for load resistance 300 Ω is shown in Fig. 127. Thanks to the 
similar temperatures on the hot and cold side of TGP-751 modules, the values of 
voltage are the same as well.  
 




The results of electric output properties of one module are summarized in Tab. 43. 
The electric power generated by each of the modules is 120.65 mW. 
Tab. 43 Electric properties of single one TEM of prototype C for load resistance 300 Ω  
Electric properties 
Voltage [V] Current [mA] Power [mW] 
6.35 19.00 120.65 
13.5.3 Evaluation of conception of prototype C 
According to the results of simulation modelling the utilization of the PEEK 
screws, improve the thermal properties. The temperature gradient on the TEMs 
is increased of 40 °C to 120 °C. 
13.6 Testing of prototype C 
13.6.1 Installation 
The installation of the prototype C is similar to the prototype B shown above in 







Fig. 128 Prototype C a) up view b) side view c) installation 
13.6.2 Measurement description 
The measurement is similar as for prototype B described above in chapter 13.4.2.  
122 
 
13.6.3 Temperature properties 
The temperatures of diffusor, hot side, cold side and ambient are shown in the 
following Fig. 129. The power unit TS100 was running on the nominal power level. 
 
Fig. 129 Temperatures during the nominal power level of TS100 
The values of temperatures in time 30 seconds are shown in Tab. 44. 
Tab. 44 Temperature values of prototype C in time 30 seconds 
Temperature 
Diffusor [°C] Hot side [°C] Cold side [°C] Ambient [°C] 
195.8 174.6 102.3 32.7 































13.6.4 Electric output characteristic 
The electric output characteristic are measured on nominal power level of TS100. 
Open-circuit voltages of each modules and their parallel connection are shown in 
the following figure 0. According to the results, there are significant differences in 
the modules thermal conditions. The TEM 2, which is placed in the middle, has 
the lowest value of open-circuit voltage. The value of open-circuit voltage for 
parallel connection is average value of voltage on TEMs. 
 
Fig. 130 Open-circuit voltage 
The short-circuit current for each module and their parallel connection is shown 
in Fig. 131. The TEM 2 has lower value of short-circuit current as well as value 
of open-circuit voltage shown above. The value of short-circuit current for 
parallel connection is sum of currents of TEMs. 
 

























































The volt-ampere characteristic for TEMs and their parallel connection is 
presented in Fig. 132. The output power for the matched load condition for parallel 
connection is 99.4 mW. 
 
Fig. 132 Volt-ampere characteristics 
13.6.5 Evaluation of the experimental testing 
In accordance with the presented results of experimental testing the prototype, C 
has significant problems. The PEEK screws have low rigidity and are not able to 
ensure sufficient pressing force. The pressing force is the lowest for the TEM 2 
placed in the middle see Fig. 133, therefore the values of electric output 
characteristic are decreased. The mechanical properties of screws were not 
considered in simulation model.  
 



































The results of experimental testing and simulation modelling of prototype C are 
summarized in the following Tab. 45.  
Tab. 45 Comparison of experimental and simulation results of prototype C 
Electric properties 
 TEM Voltage [V] Current [mA] Power [mW] 
Experiment 
Module 1 3.36 10.62 39.11 
Module 2 2.89 7.70 22.28 
Module 3 4.36 10.68 46.60 
Parallel 3.55 28.00 99.40 
Simulation Module 1, 2, 3 6.35 19.00 120.65 
The ambient temperature during the testing of prototype C was 32.7 °C, which is 
higher of 12.7 °C compared with the ambient temperature 20 °C of simulation 
modelling. This has significant effect to the results difference. 
13.7 Summarization 
The perspective of chosen location and functionality of conception were proven by 
prototype A. The design process in accordance with the model-based design was 
successfully applied. The same approach was utilized in the design and test of 
prototype B and C. The generated power of prototype B was 228.8 mW, which 
safely cover the requirement of prospective application. The aim of the prototype 
C was to increase the temperature gradient by utilization of plastic screws to 
isolate the heat sing from mounting pad. Unfortunately, the rigidity of utilized 
screws was very low in high temperature conditions and significantly decreased 
the contact forces. This lead to the reduction in the heat flow through the TEMs. 






14 Research contributions 
Scientific and theoretical 
The research in the field of alternative energy sources is up-to-data topic. This 
thesis follows the current trends and state-of-the-art.  
The complex mechatronics design process based on the simulation modelling was 
created and is applicable to wide range of applications in the field of the 
autonomous thermoelectric source of energy. 
The detailed models with different complexity were created and verified. These 
models can be used in further research: 
- model of thermoelectric couple is essential for the research of thermoelectric 
material properties of N/P-type of semiconductors and their connection to 
the thermocouple 
- model of thermoelectric layer examine connection of thermocouples and 
their interactions 
- model of thermoelectric modules enable the optimal design of TEMs 
- models of commercially available thermoelectric modules Nextreme HV56 
and Micropelt TPG-D751 can be used in design of thermoelectric generators 
in wide range of applications 
- model of the thermoelectric generator for aircraft application was used in 
the design process and verified by experimental tenting under real 
condition 
The results summarized in this thesis were accepted as a research contributions 
presented on conferences and published in articles listed in WoS database.  
Practical 
In cooperation with the UNIS, a.s. and První brněnská strojírna Velká Bíteš, a. s. 
as a part of the solution of the grant projects “Efficient Systems and Propulsion for 
Small Aircraft ESPOSA” and “Complex Affordable Aircraft Engine Electronic 
Control” the three prototypes were developed and successfully tested on the 
aircraft engine TS100.  
Based on the experimental testing of the developed prototypes the utilization of 
this technology is successfully proven. The developed autonomous thermoelectric 
generator is able to generate required mount of electric energy for over-speed 





During this research the bachelor thesis „Application of MEMS technology in the 
field of thermoelectric generators“ and master thesis “MEMS thermoelectric 
generator for aerospace application” were written and defended. The knowledge 
summarized in this research are used as a background for the dissertation thesis 
"Health and usage monitoring systems powered by energy harvesting generator".  
The knowledge based on this thesis are lectured during the master degree course 
“Alternative energy sources in mechatronics”. The models of thermocouple and 
thermoelectric modules are used in exercises of this course for demonstration of 





The dissertation thesis deals with a complex mechatronic design and the 
verification of autonomic thermoelectric sources of electric energy for aircraft 
applications. The research was based on a study of state-of-the-art in this field. 
The previously presented solutions in available sources utilized the common 
thermoelectric modules, while there were applied the MEMS thermoelectric 
modules in this research. Two commercially available MEMS thermoelectric 
modules Nextreme HV56 and Micropelt TPG-751 were selected for the design. The 
precise simulation models of both modules were created and verified with 
datasheets. The selected modules were experimentally tested in a wide range of 
operation conditions. The module Micropelt TPG-751 was selected for further 
development on the base of results of previous experimental testing and 
simulation modelling 
The over-speed transducer for turbo-shaft aircraft engine TS100 was chosen as a 
prospective application, which supposed to prove the functionality of this 
technology under the real conditions. The thermal condition of TS100 were studied 
to find the prospective location for MEMS thermoelectric generator. The prototype 
A was created and successfully tested on the engine TS100 on the base of the 
simulation modelling. The prototype A proved the functionality of the 
thermoelectric generator under real condition. The prototype A was able to 
generate power 34.2 mW. The design of prototype B was based on the experiences 
obtained during designing and testing of prototype A. There were used three 
thermoelectric modules in prototype B to ensure the sufficient power for the 
prospective application. The prototype B generated power 228.8 mW. The 
prototype C was designed with an aim to improve the thermal condition by 
utilizing the plastic screws between the mounting pad and the heat sink. The 
contact forces were decreased because of the low rigidity of plastic screws in high 
temperature conditions. That led to the reduction in the heat flow through the 
thermoelectric modules. Therefore, the metal screws were utilized as was 
previously successfully tested in the prototype B. The prototype B was also 
presented as prototype sample of project CAAEEC. The presented dissertation 
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Symbols and abbreviations 
EH  energy harvesting 
TEG  thermoelectric generator 
TEM  thermoelectric module 
MEMS microelectromechanical systems 
MBD  model-based design  
SHM  structure health monitoring 
WSN  wireless sensors network 
ASN  autonomous sensor nodes 
LPE  low-power electronics 
ULPE ultra-low-power electronics 
NEMS nano-electro-mechanical systems 
MPPT maximum peak power tracking 
SMPS switching mode power supplies 
PFM  pulse frequency modulation 
FEM  finite element method 
JECU  jet engine control unit 
PEEK  polyether ether ketone 
 
Pswitching  switching power       [W] 
f   operating frequency      [Hz] 
Ceff   total capacitance       [F] 
VDD   supply voltage       [V] 
Palways-on  average power consumed by always-on blocks  [W] 
Pstandby  power consumed by blocks in standby mode   [W] 
Eactive   energy spent in active mode     [J] 
Twkup   time in active mode      [s] 
Zs   source impedance       [Ω] 
ZL   load impedance       [Ω] 
UMMP   input voltage ensures the MPP     [V] 
UOC   open-circuit voltage      [V] 
αAB    differential Seebeck coefficient      [V/K] 
U   voltage         [V] 
TH    temperature of the hot side      [K] 
TC    temperature of the cold side      [K] 
αA   Seebeck coefficient of the material A     [V/K] 
αB   Seebeck coefficient of the material B     [V/K] 
πAB   Peltier coefficient        [V] 
q   heat flow through the junction      [W] 
I  electric current        [A] 
q  heat flow         [W] 
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β  Thomson coefficient       [V/K] 
I   passing current        [V] 
ΔT  temperature gradient       [K] 
βA  Thomson coefficient of material A     [V/K] 
βB  Thomson coefficient of material B     [V/K] 
αAB   differential Seebeck coefficient      [V/K] 
T  temperature        [K] 
|N|  Nernst effect        [V*T/K] 
EY  electric field        [V/m] 
BZ   magnetic field        [A/m] 
dT/dx longitudinal temperature gradient     [K/m] 
|P|  Ettinghausen effect       [K/T*A] 
IX  longitudinal current density     [A/m2] 
BZ   magnetic field        [A/m] 
dT/dx longitudinal temperature gradient     [K/m] 
η   efficiency         [-] 
Ee   electrical energy supplied to the load     [J] 
QH   heath flow through the hot side     [J] 
R  series resistance of A and B semiconductors in series  [Ω] 
λ’   thermal conductivity of A and B in parallel   [W/m*K] 
ηCARNOT  theoretical efficiency (Carnot cycle)     [-] 
ZC  Figure-of-merit of the thermocouple     [-] 
λA   thermal conductivity of A material     [W/m*K] 
λB   thermal conductivity of B material     [W/m*K] 
σA  electrical conductivity of A material     [1/Ω*m] 
σB  electrical conductivity of B material     [1/Ω*m] 
α   Seebeck coefficient       [V/K] 
λ   thermal conductivity       [W/m*K] 
σ  electrical conductivity       [1/Ω*m] 
ρ  electrical resistivity       [Ω*m] 
ηmax   efficiency         [-] 
γ  coefficient representing materials properties   [-] 
?̅?  average temperature       [K] 
RTEMe  electric resistance of TEM      [Ω] 
N    number of thermocouples      [-] 
L   height         [m] 
A   cross section        [m2] 
𝜌𝑃   electric resistivity of P-type semiconductor    [Ω /m] 
𝜌𝑁   electric resistivity of N-type semiconductor    [Ω /m] 
n  load resistance ratio       [-]  
RTEMe  electric resistance of TEM      [Ω] 
RLoad    load resistance        [Ω] 
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Voc   open-circuit voltage       [V] 
V  operating voltage        [V] 
ΔT   temperature difference       [K] 
𝛼𝑃   Seebeck coefficient of P-type semiconductor    [V/K] 
𝛼𝑁  Seebeck coefficient of N-type semiconductor    [V/K] 
n  load resistance ratio       [-] 
RTEMto  thermal resistance of TEM in open-circuit    [K/W] 
𝜆𝑃  thermal conductivity of P-type semiconductor   [W/(mK)] 
𝜆𝑁  thermal conductivity t of N-type semiconductor   [W/(mK)] 
RTEMt   thermal resistance of TEM in operating    [K/W] 
RTEMe  electric resistance of TEM      [Ω] 
PTS100  output shaft power      [W] 
Tamb   ambient temperature      [°C] 
Tref   reference temperature       [°C] 
Pout  output power       [mW] 
Vout  output voltage       [V] 
Iout  output current       [mA] 
Voc  open-circuit voltage      [V]  
Isc  short-circuit current      [mA] 
?̇?   heat generated per unit volume     [W/m3] 
ρ   material density        [kg/m3] 
C   specific heat capacity       [J/(KgK)] 
T  absolute temperature       [K] 
t  time          [s] 
q  heat flux vector        [W/m2] 
J  electric current density vector      [A/m2] 
D   electric flux density vector      [C/m2] 
t  time          [s] 
[𝜋]  Peltier coefficient matrix      [V] 
[𝜆]  thermal conductivity matrix      [W/(mK)] 
[𝜎]  electric conductivity matrix      [S/m] 
[𝛼]  Seebeck coefficient matrix      [V/K)] 
E  electric field intensity vector      [V/m] 
[𝜀]  dielectric permittivity matrix      [F/m] 
φ  electric scalar potential       [V/m] 
N  vector of element shape function     [-] 
φe  vector of nodal electric potentials     [V/m] 
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